We study the magnetic field (H)-induced behavior of the multiferroic material Ca3Co2−xMnxO6 (x∼0.97) by measuring magnetization (M ), magnetostriction (∆L/L), electric polarization (P ), and magnetocaloric effect (MCE). We measured M and ∆L/L up to magnetic fields of µ0H 92 T, which is beyond the saturation of the magnetic moments. On the controversial topic of the spin states of Co 2+ and Mn 4+ , we find evidence for S=3/2 in both Co 2+ and Mn 4+ spins with no magnetic field-induced spin-state crossovers. Our data also reveal a regime at 25 T≤µ0H<85 T in which the physical properties evolve smoothly, in contrast to the behavior below 25 T that shows step-like behavior and hysteretic. There is a linear slope in the background of M (H) for both H ab and H c, which implies that Mn 4+ spins are quasi-isotropic and develop components in the ab-plane in applied magnetic fields that cant until saturation at 85 T whereas the Ising Co 2+ spins saturate by 25 T. These observations show that although this compound shows some of the hallmarks of axial next-nearest neighbor Ising (ANNNI) physics at low fields, it cannot be described by the classic ANNNI model, and models need to take into account the coexistence of Ising and quasi-isotropic spins. PACS numbers: 75.85.+t, 75.30.Cr, 75.30.Kz Multiferroic materials exhibit at least two simultaneous long-range orders such as magnetism and ferroelectricity. Coupling between these order parameters leads to magnetoelectric (ME) effects that can be exploited for developing novel data storage, magnetic and electric field sensors, circuits with new functionality and enhanced energy efficiency, and solid-state devices for microwave and high-power applications [1, 2] . In most multiferroics, the ME coupling hinges on magnetic orderings that spontaneously break the spatialinversion symmetry (SIS), thereby allowing a net electric polarization to form. The microscopic origin of ME coupling in most multiferroics [3] [4] [5] [6] is thought to be displacement of differently-charged ions that is sensitive to magnetic order [7] , and/or electronic charge redistribution within magnetic exchange bonds. [6, [8] [9] [10] Most of the SIS-breaking spin structures in multiferroics have little or no net magnetism [3-5, 9, 11-17] which limits potential applications. However, Ca 3 Co 2−x Mn x O 6 (CCMO) with x∼0.96 [18, 19] is unusual because it exhibits net hysteretic M that is coupled to P , i.e. increased M reduces P . Thus, it is important to understand the origin of the magnetic order and the ME coupling in this compound.
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PACS numbers: 75.85.+t, 75.30.Cr, 75. 30.Kz Multiferroic materials exhibit at least two simultaneous long-range orders such as magnetism and ferroelectricity. Coupling between these order parameters leads to magnetoelectric (ME) effects that can be exploited for developing novel data storage, magnetic and electric field sensors, circuits with new functionality and enhanced energy efficiency, and solid-state devices for microwave and high-power applications [1, 2] . In most multiferroics, the ME coupling hinges on magnetic orderings that spontaneously break the spatialinversion symmetry (SIS), thereby allowing a net electric polarization to form. The microscopic origin of ME coupling in most multiferroics [3] [4] [5] [6] is thought to be displacement of differently-charged ions that is sensitive to magnetic order [7] , and/or electronic charge redistribution within magnetic exchange bonds. [6, [8] [9] [10] Most of the SIS-breaking spin structures in multiferroics have little or no net magnetism [3-5, 9, 11-17] which limits potential applications. However, Ca 3 Co 2−x Mn x O 6 (CCMO) with x∼0.96 [18, 19] is unusual because it exhibits net hysteretic M that is coupled to P , i.e. increased M reduces P . Thus, it is important to understand the origin of the magnetic order and the ME coupling in this compound.
The magnetic ordering of CCMO is found from neutron diffraction measurements [18] [19] [20] to be an ↑↑↓↓ collinear magnetic ordering of the alternating Co 2+ and Mn 4+ ions along chains in the crystallographic c-axis at zero field. This spin ordering breaks SIS and thus allows a net P to form, which is observed below magnetic ordering temperature T N =15 K and µ 0 H<10 T. These c-axis chains in turn form a hexagonal lattice in the ab-plane (see Fig. 1 ) that likely creates significant frustration. Similar ↑↑↓↓ ordering with net hysteretic M coupled to P has also been observed in Lu 2 MnCoO 6 with magnetic ordering temperature T c =43 K and µ 0 H≤15 T, although in that compound the Co 2+ -Mn
4+
chains are arranged in a rectangular, rather than hexagonal configuration in the ab-plane [21] .
It has been proposed by several groups [18, 19, [22] [23] [24] that the magnetic behavior of CCMO results from frustration between nearest and next-nearest-neighbor exchange interactions along the c-axis chains. Several groups mention the ANNNI model [25, 26] , in which frustration on chains of Ising spins creates cascades of different magnetic phases in response to small changes in external parameters. A hallmark of ANNNI physics is long-wavelength incommensurate modulations of the Ising spins along the chains with temperature (T )-dependent wavelengths. This was observed in the isostructrual compound Ca 3 Co 2 O 6 [27, 28] and a variant of the ANNNI model has been proposed for Ca 3 Co 2 O 6 [29] . In this model, frustration between spins on different chains in the ab-plane can be mapped onto an effective single chain model with up to third-nearest-neighbor interactions. Both the ANNNI model and related model for Ca 3 Co 2 O 6 exhibit a transition to commensurate order at a lower temperature with the ↑↑↓↓ ground state ordering for a certain range of exchange parameters [29, 30] . However, further model refinement for CCMO will require understanding the spin states of the Co 2+ and Mn 4+ ions, which are currently controversial, as well as how Ising-like they really behave. Jo et al. [19] reported powder neturon diffraction and magnetization measurement of single crystals up to 33 T. At low T , the neutron diffraction data were fit to an ↑↑↓↓ state at zero field, and a ↑↑↑↓ state at 11 T with a 3 µ B /formula unit (f.u.) magnetization plateau [19] . Another quasi-plateau forms above 20 T with 4 µ B /f.u., which they tentatively attribute to complete saturation. Therefore, they identify Co 2+ and Mn 4+ ions being S=1/2 and 3/2, respectively. However, an X-ray absorption spectroscopy (XAS) study at room temperature [31] and Curie-Weiss fits to to the susceptibility between 75 and 300 K in compounds with similar x values [32] were more consistent with both the Co
2+
and Mn 4+ ions having the S=3/2 spin state. Both interpretations are consistent with the emergent P at low temperatures, since the breaking of SIS is not related to the spin amplitude. Flint et al. combine these two scenarios in a model based on S=1/2 Co 2+ ions at H=0, with a magnetic field-driven spinstate crossover to S=3/2 in applied magnetic fields [24] .
In this Letter, we study magnetization, electric polarization, magnetostriction, and magnetocaloric effect in CCMO up to 92 T. We determine the spin states and look for low-spin to high-spin transitions (LHST) in applied magnetic fields. We also address the question of whether both the Co 2+ and Mn
4+
are truly Ising-like and collinear. Single crystals of Ca 3 Co 2−x Mn x O 6 with x∼0.97 were synthesized as in previous works [18, 19] where x was identified from magnetic susceptibility measurements [20] . High magnetic field measurements were performed using various magnets: capacitor-driven, generator-driven, and hybrid pulse (100 T) magnets at the NHMFL pulsed-field facility at LANL. Magnetization was measured by using an extraction magnetometry technique [33] up to 92 T. The pulsed-field magnetization values were calibrated against measurements in a 14 T DC magnet using a vibrating sample magnetometer in a Physical Properties Measurement System (Quantum Design). A systematic error bar in the pulsed-field magnetization values at 85 T of ±0.5 µ B /f.u. results from the uncertainty created by hysteresis and sweep-rate dependences when compared to DC measurements. Magnetostriction was measured in the 100 T hybrid pulse magnet along the c-axis using an optical fiber with a Bragg-grating [34, 35] . Magnetocaloric ef- fect was measured in the generator-driven shaped-pulse magnet by reading the T -sensor (Cernox) attached to the sample while sweeping the magnetic field with the sample immersed in superfluid 4 He. This thermal setup was chosen because the alternate option of measuring in vacuum resulted in a semiadiabatic thermal situation where the temperature relaxations occurred on the same time scale as H-induced temperature changes, making analysis difficult. Electric polarization was meaured in the 65 T capacitor-driven magnet by recording the magnetoelectric current during a magnetic field pulse and integrating it in time [17] . Prior to the measurement, samples were poled by cooling from 40 K to measurement tempera-ture in a static poling electric field of 645 kV/m. Fig. 2(a) shows the M (H) curves with the magnetic field along the c-axis and ab-plane. For H c, M (H) shows two plateau-like features, similar to those seen previously in DC field measurements up to 33 T [19] . There is a small discrepancy between the value of the plateau between 10 and 20 T, which is 3 µ B /f.u. at 15 T in the DC data and 2.7 µ B /f.u. at 15 T in our pulsed-field data. However, the DC M (H) data actually shows different values of this plateau for positive and negative sweeps and the pulsed-field data agrees with the 2.5 µ B /f.u. value seen for negative DC field sweeps. A second quasi-plateau occurs in M (H) between 20 and 30 T with an onset value of 4 µ B /f.u.. The important observation from our data is that this quasi-plateau is not the final saturation, but rather M (H) continues evolving to 85 T and reaches saturation magnetization M =7.7±0.5 µ B /f.u.. This saturation value requires both the Co 2+ and Mn 4+ ions to be in the high spin state (S=3/2) with an additional orbital contribution. The orbital contribution of 1.7±0.5 µ B /Co 2+ is consistent with the ab-initio calculations of Wu et al. [31] for Co 2+ , while Mn 4+ (3d 3 configuration) is in an octahedral symmetry that cannot have an orbital contribution. We also measured M (H) for H ab, shown in Fig. 2(a) . In this configuration, M (H) increases linearly up to 19 T and then the slope begins to decrease. No hysteresis was observed for H ab. There exists a common background linear slope in M (H) for both H c and H ab, which will be discussed later. Fig. 2(b) shows the magnetostriction, which shows features at similar fields to M (H) although ∆L(H)/L is nonmonotonic. The final saturation magnetic field (H sat ) can be more accurately determined from the magnetostriction data than the magnetization data, and we estimate µ 0 H sat =85 T.
The existence of a magnetic field induced LHST of the Co 2+ can be checked by the MCE measurement. In the vicinity of a LHST, multiple spin states become available which should increase the entropy of the spins, and in turn reduce the entropy and the temperature of the lattice via conservation of entropy.
MCE up to 50 T is shown in Fig. 2(c) in the limit where the thermal relaxation time is shorter than the experiment time. Thus, we expect to see spikes in the temperature at phase transitions followed by a rapid relaxation, and the direction of the spike tells us if the spin entropy increases (lattice T decreases) or decreases (lattice T increases) [36] . The data shown in Fig. 2(c) shows three upward spikes at 4.5, 6.9, and 21 T during the up sweep. The 4.5 and 21 T spikes correspond to features in M (H) and ∆L(H)/L, while the 6.9 T spike only appears for certain sweep rates [37] . During the down sweep of the magnetic field, the temperature also shows upward spikes at 1.5 and 20 T and with greatly reduced amplitude (∆T <0.1 K, inset in Fig. 2(c) ). This hysteresis in the amplitude and field between up and down sweeps indicates that there are both reversible and irreversible components in the phase transition. Thus, we see no evidence of a LHST in the MCE at any of the sharp transtitions up to 25 T, and for magnetic fields higher than that, the value of M requires the Co 2+ spin to already exceed S=1/2. Finally, the sign of ∆L/L is important to LHST. The Co 2+ S=3/2 ion is significantly larger than Co 2+ S=1/2, which gives a 10 −3 increase in ∆L/L at the LHST in LaCoO 3 [38] . However, in CCMO ∆L/L decreases for µ 0 H>20 T with a relataive magnitude of 10 −4 , which rules out a LHST in that magnetic field range. Fig. 3 shows the change of electric polarization in CCMO relative to the value at H=0 measured for H ab and H c. For H c, the sharp drop in ∆P below 10 T is consistent with previous DC measurements [19] , and with features in M (H), ∆L(H)/L, and MCE (Fig. 2) . However, above 10 T, the pulsed-field data shows a continuous evolution that was not resolved in DC field measurement, and it matches the continous evolution of ∆P above 25 T in the H ab configuration.
Thus, a picture for CCMO emerges in which all spins are S=3/2 both at low and at high magnetic fields. This agrees with room-temperature XAS and high-temperature CurieWeiss fits [31, 32] . However, powder neutron diffraction studies have suggested S=1/2 for Co 2+ and S=3/2 for Mn 4+ ordered moments in an ↑↑↓↓ configuration at H=0 and ↑↑↑↓ for 11 T [18, 19] . We emphasize that the neutron diffraction determines the size of the ordered moment, not the total moment. Reduction in the ordered moment can be accounted for by fluctuations due to frustration, or by disorder due to Co 2+ -Mn 4+ site interchange, and also by (possibly disordered) long-wavelength modulations as were observed in Ca 3 Co 2 O 6 [27, 28] . Alternate interpretations of the data can allow for the reduced ordered moment to be on Mn 4+ instead of the Co 2+ site, or shared between the two [39] .
Besides the S=3/2 spin amplitude, our data also shows evidence for quasi-isotropic Mn 4+ spins. In past models of CCMO, both the Co 2+ and Mn 4+ spins were treated as effectively Ising-like and oriented along the c-axis [23, 24] , in which the assumption was that the Mn 4+ spin was always strongly clamped to the Ising-like Co 2+ spin. While this is consistent with neutron diffraction data at H=0 showing collinear spins [19] , our M (H), ∆L(H)/L, and ∆P (H) data shows extended regions with linear slopes that strongly point to canting of quasi-isotropic Mn 4+ spins. The guide lines shown in Fig. 2(a) highlight the background linear slope in M (H) that is the same for H ab and H c, and extends from 25 to almost 85 T for H c. A similar linear slope in M (H) is seen in DC M (H) measurements within the plateaus [19] . Thus, whereas Co 2+ (3d 7 ) is likely Ising-like, the Mn 4+ (3d 3 ) in an octahedral site symmetry should be quasi-isotropic because the orbital moment is quenched (one electron in each t 2g level).
Our conclusion is inconsistent with the 11 T collinear ↑↑↑↓ state that is previously reported [19] . The observation is inconsistent with the ↑(Mn
) state since 11 T is too small to polarize the Mn 4+ moments completely starting from the ↑↑↓↓ state at zero field ( Fig. 2(a) ). It is also inconsistent with the ↑(Co
) state because this would give a much higher value of M due to orbital contribution from the Co 2+ moments. So in order to account for our M (H) data, the Mn 4+ moments must flop into the ab-plane at low fields and then subsequently cant along H c as the H increases, as is typical for quasi-isotropic antiferromagnets. We note that the neutron diffraction is also consistent with alternate scenarios in which Mn 4+ has small transverse components [39] . Further elastic neutron diffraction measurements in applied magnetic fields on single crystals can resolve the details of the Mn 4+ moments. While there are exchange interactions between Co 2+ and Mn 4+ spins that prefer collinear alignments, these interactions are frustrated, and the frustration can be satisfied by a non-collinear arrangement along the chains as occurs in many other multiferroic and frustrated compounds [3] .
We note that the plateau-like behavior in M (H) stops by 25 T leaving only a near-linear evolution to saturation. From this we posit that the Ising Co 2+ spins dominate the behavior up to 25 T, progressing through a series of different ordered phases as is typical for frustrated Ising spins, but then saturate by 25 T leaving the quasi-isotropic Mn 4+ spins to continue canting until their saturation by 85 T as is sketched in spin structures in Fig. 2(a) . The energy scale of the effective Mn 4+ -Mn 4+ exchange interaction is quantified by the linear slope in M (H) as ∼10 K. The saturation at 85 T is the result of overcoming the Mn 4+ -Mn 4+ exchange, but in the presence of the effective molecular field of the saturated Co 2+ spins. The magnetostriction also changes from increasing steplike with magnetic field to decreasing continoulsy with magnetic field at 25 T, suggesting that the magnetic forces due to effective Co 2+ -Co 2+ magnetic exchange have an opposite effect on the c-axis as those from effective exchange bonds connected to Mn 4+ . Although electric polarization evolves continuously above 25 T, its low field behavior and absolute values are different for each field directions (Fig. 3) . In H c configuration, the SIS structure (↑↑↓↓) is immediately destroyed when spins are flipped by applied magnetic field. However, in H ab configuration, P is flat up to 10 T then decreases. ∆P value for H ab is larger than H c case by 50 µC/m 2 at 60 T which implies that SIS is conserved in H ab case. When H is along the ab-plane, one can postulate that ↑↑↓↓ structure is maintained along the c-axis because magnetic field along the abplane cants only the Mn 4+ spins and allows for magnetic moments along the c-axis. The strong Ising-nature of Co 2+ ion makes it difficult to cant the Co 2+ spins away from the c-axis with H ab.
In conclusion, the high magnetic field experiments show that both Co 2+ and Mn 4+ moments are in the high spin state with S=3/2, and no LHST is seen in applied magnetic fields. We find regions of continous evolution of the magnetization that strongly support canting of Mn 4+ S=3/2 quasi-isotropic spins. The Mn 4+ moments thus have a spin-flop into the abplane at low fields followed by subsequent canting along H. Sharp steps and hysteresis that are characteristic of frustrated Ising spins are observed in the magnetization, electric polarization, magnetostriction, and MCE up to 25 T, due to the evolution of frustrated Ising Co 2+ spins. These saturate at 25 T, leaving the quasi-isotropic Mn 4+ spins to cant continously towards saturation at 85 T. We observe an electric polarization extending to higher fields than previously observed (at least up to 60 T instead of 10 T), which implies a remanent SIS breaking for the high-field magnetically-ordered phases. CCMO shows many hallmarks of ANNNI physics for µ 0 H<25 T as suggested previously for CCMO [18, 19, [22] [23] [24] and for the related compound Ca 3 Co 2 O 6 [27] [28] [29] . However a model for CCMO will need to take into account the interaction of Co
2+
Ising spins with Mn 4+ quasi-isotropic spins. The data quantifies several key parameters necessary for modeling: (1) the spin amplitudes of Co 2+ and Mn 4+ (S=3/2), (2) the respective saturation fields of the Co 2+ and Mn 4+ spins (25 and 85 T), and (3) the Mn 4+ -Mn 4+ exchange interaction from the slope of the magnetization (∼10 K).
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